The genes coding for the response regulators ARR1 and ARR2 have previously been identi®ed by in silico screening of an expression sequence tag database and subsequent cloning from both Arabidopsis cDNA and genomic libraries. Their structures, in which the N-terminal signal receiver domain is followed by the output domain, are characteristic of typical bacterial response regulators of the two-component regulatory systems that control responses to a variety of environmental stimuli. Here we present evidence that these response regulators actually work as transcription factors. ARR1 and ARR2 were localized in the nuclei of plant cells regardless of the presence or absence of their signal receiver domain. Their middle segments, which faintly resemble the mammalian oncogene product Myb, were capable of binding double-stranded DNA in a sequence-speci®c manner in vitro. Their C-terminal halves functioned as transactivation domains in plant cells when combined with the DNA-binding domain of yeast GAL4. They thus possess all the essential components of a transcriptional activator. Both ARR1 and ARR2 promoted expression of a reporter gene in plant cells through their own target sequence. Truncation of their N-terminal signal receiver domain led to an increase in transactivation. An as yet unidenti®ed phospho-relay signal may modulate the capability for transactivation and/or DNA binding through the signal receiver domain.
Introduction
Extracellular stimuli received by living cells are processed through signal transduction pathways and result in orchestrated gene expression. In bacteria, such a response is often controlled by the co-ordinated action of a sensor histidine kinase and a cytoplasmic response regulator. This type of control is called the two-component regulatory system (for reviews see Stock et al., 1989; Stock et al., 1990) . Sensor kinases are generally composed of an individual N-terminal periplasmic domain with membrane-anchored regions and a common C-terminal cytoplasmic transmitter domain. The former domain, probably together with the neighbouring region, is thought to be involved in directly or indirectly monitoring an environmental parameter, whereas the latter transmitter domain phosphorylates its own speci®c His residue and then transfers the phosphoryl group to the cognate response regulator. The response regulators are also, in principle, composed of two functional domains. Their N-terminal halves contain the common signal receiver domain, having three separated hallmark Asp, Asp and Lys residues (hereafter referred to as DDK; Stock et al., 1990) , and the central Asp residue acquires the phosphoryl group from the phospho-His of its cognate transmitter. The C-terminal halves of the response regulators are individual output domains, the majority of which have the ability to bind DNA and to activate transcription of the target genes. Asp phosphorylation in the N-terminal domain modulates the output functions of the C-terminal domain. Some sensor kinases have an extra domain at their C-terminal end that resembles the signal receiver domain of the cognate response regulator: these are called hybrid-type sensor kinases (e.g. VirA, BvgC, ArcB, RcsC, BarA). The most common and simplest two-component regulatory systems do not involve additional signal transducers. In some cases, however, the phosphate group is transferred through a bridge component carrying the histidine-containing phosphotransfer (HPt) domain that exists either alone (e.g. Spo0B) or as a portion of sensor kinases (e.g. ArcB) (Appleby et al., 1996) . Another bridge component is a group of polypeptide molecules containing the DDK signal receiver domain without any obvious output domain (e.g. Spo0F) (Appleby et al., 1996) . The signal receiver domain present in the hybrid-type sensor kinases might be included in this category. In any case, the typical bacterial response regulators that operate as transcription factors have always been located at the end of the intracellular phospho-relay signal transduction pathway.
The two-component regulatory system was initially thought to be restricted to prokaryotes, but it has since been observed in a wide array of eukaryotic species including plants, slime moulds, fungi and yeast (WurglerMurphy and Saito, 1997 and references therein) . This suggests that His±Asp phosphotransfer mechanisms may also be involved in a wide variety of sophisticated eukaryotic signal transduction pathways. In higher plants, the Arabidopsis ethylene sensors (ETR1 and ERS) and the putative cytokinin sensor (CKI1) have structures that clearly resemble bacterial histidine kinase (Chang et al., 1993; Hua et al., 1995; Kakimoto, 1996) . ETR1 and CKI1 are hybrid-type kinases, whereas the ERS members are ordinary kinases. The photoreceptor phytochromes may also be categorized as plant histidine kinase homologues, though they are considerably more divergent than other plant homologues (Schneider-Poetsch et al., 1991) . These ®ndings allowed us to search for possible cognate response regulators on the analogy of bacteria. Fourteen Arabidopsis response regulator homologues (ARR1 to ARR14) have been identi®ed, including some detected through in silico studies (Imamura et al., 1998; Lohrmann et al., 1999; Sakai et al., 1998; Urao et al., 1998) . They were structurally classi®ed into two groups (Imamura et al., 1999; Sakai et al., 1998) . The members of one group include only the DDK signal receiver domain (Spo0F-type architecture), or at least do not contain additional, established or putative functional domains of a sensible molecular size. Several genes in this group are induced by cytokinin treatment (Brandstatter and Kieber, 1998; Taniguchi et al., 1998) . In contrast, the signal receiver domain in the other group is accompanied by additional functional domains. It is followed, in the cases of ARR1 and ARR2, by the potential nuclear localization signal VRK(R/ K)R and a large C-terminal region with the following characteristics ( Figure 1) . A region of about 370 amino acid residues at the C-terminal end is rich in Gln residues (glutamine-rich domain) and the functional domain for transcriptional activation is often glutamine-rich (Triezenberg, 1995) . A polypeptide region between the nuclear localization signal and the glutamine-rich domain can be divided into two parts. The ®rst half (acidic domain) has about 70 residues, shows no similarity to any sequence in the protein database, and is a little rich in acidic Asp and Glu residues. The other half (ARRM domain) has 64 residues and faintly resembles the DNAbinding domain of the c-myb proto-oncogene product that consists of three repeats. The architecture and amino acid sequence of the ARRM domain are distinct from conventional plant Myb homologues. The majority of conventional plant Myb homologues contain two repeats while the remainder have three (Kranz et al., 2000; Martin and Paz-Ares, 1997; Williams and Grotewold, 1997) . The ARRM domain carries only one repeat, and two out of the three landmark Trp residues are substituted by Ala and Ile. Similar single-repeat structures (ARRM-like domains) have recently been found in many plant proteins whose cellular functions are mostly unknown (Sakai et al., 1998) , suggesting it is a functional unit that is probably involved in DNA binding. These structural characteristics allow us to presume that ARR1 and ARR2 are transcription factors similar to the majority of bacterial response regulators. In support of this view ARR11 (ARLP1), classi®ed in the same group as ARR1 and ARR2 but considerably diverged from them, has been shown to be localized in the nuclei of parsley protoplasts and to activate transcription in yeast cells (Lohrmann et al., 1999) .
In this study we functionally dissected ARR1 and ARR2, and demonstrated their abilities both to bind DNA and to activate transcription. We also show that they work individually as the transcriptional activator in plant cells. The domain organization of ARR1 and ARR2 has been deduced from their structural characteristics (Sakai et al., 1998) . D, D and K in the Nterminal signal receiver domain indicate the approximate positions of three hallmark Asp, Asp and Lys residues, respectively. Ac, M and Q mark the acidic domain, the ARRM domain, and the glutamine-rich domain, respectively. A triangle in the acidic domain shows the position of a potential nuclear localization signal, VRKRR for ARR1 and VRKKR for ARR2. Numerals at the domain boundaries correspond to the number of amino acid residues counted from the N-terminal end.
Results

Localization of ARR1 and ARR2 in plant cell nuclei
The cellular locations of ARR1 and ARR2 were examined using b-glucuronidase (GUS) fusion proteins. Both fusion constructs were placed downstream of the cauli¯ower mosaic virus 35S promoter (hereafter referred to as the 35S promoter) and introduced into onion epidermal cells by the particle-delivery system (Sanford et al., 1993) . Histochemical analysis revealed GUS activity predominantly localized in nuclei, whereas activity in cells expressing GUS alone was mainly located in the cytoplasm (Figure 2a, f; b, g; e, j) . Removing the DDK signal receiver domain (aa 1±152 for ARR1, aa 1±143 for ARR2; aa = amino acid positions numbered from the N-terminal end) from these fusion proteins did not affect nuclear localization (Figure 2c, h; d, i) , suggesting that the transport of ARR1 and ARR2 to nuclei occurs without conditional modulation by the signal receiver domain. Similar results were obtained from histochemical analysis with trichome cells of transgenic Arabidopsis plants synthesizing the same fusion proteins (Figure 2k±p ). It was thus concluded that ARR1 and ARR2 are normally located in plant cell nuclei.
Transactivation by the glutamine-rich domains of ARR1 and ARR2
Transactivation was examined by transient expression of a reporter gene that had been introduced into tobacco leaves together with an effector plasmid coding for a test polypeptide. The effector plasmids were designed to direct fusions of various portions of ARR1 and ARR2 with the DNA-binding domain of yeast GAL4. The reporter was the ®re¯y luciferase gene (LUC) preceded by a promoter containing six repeats of the GAL4 target sequence (6 Q UAS G ) and a truncated 35S promoter region. The plasmid constructs and the results are shown in Figure 3 . Transactivation occurred only when the effector contained the glutamine-rich domain (aa 300±669 for ARR1, aa 279± 664 for ARR2), although the activity varied with the constructs. The results with the ARR1 and ARR2 constructs were comparable, but the activities seen with the ARR2 constructs were always higher than those of the corresponding ARR1 constructs. The highest activity observed was with the construct carrying only the glutamine-rich domain as the ARR2 moiety; this was nearly half the activity seen with the acidic domain of the herpes simplex viral protein VP16 (hereafter referred to as VP16). Attaching the acidic and ARRM domains to this construct appeared to diminish the activity. Similar experiments with onion epidermal cells gave essentially the same results (data not shown). Therefore the glutamine-rich domains of ARR1 and ARR2 possess the ability to promote transactivation, although other domains may in¯uence that ability.
Sequence-speci®c DNA binding by the ARRM domains of ARR1 and ARR2
In order to demonstrate the presumed DNA-binding ability of the ARRM domains, gel-retardation assays were carried out. The ARRM regions (aa 236±299 of ARR1-ARRM, aa 215±278 of ARR2-ARRM) were fused with glutathione S-transferase (GST). Crude extracts of Escherichia coli cells synthesizing the fusion proteins were prepared, and overproduction of the fusion proteins was veri®ed by SDS± polyacrylamide gel electrophoresis ( Figure 4a ). These extracts were mixed with synthetic double-stranded oligonucleotides with random sequences of 19 base pairs (bp), and binding site selection experiments with PCR were carried out. Oligonucleotides capable of associating with ARRM were thus enriched, and then sequenced individually upon cloning. The selected oligonucleotides contained the sequence 5¢-(G/A)GAT(T/C)-3¢ at a frequency that was higher than expected by random occurrence (data not shown). There were no obvious conserved nucleotides anking this sequence. In order to prove the signi®cance of this sequence, synthetic 34 bp oligonucleotides containing the 5 bp core sequence 5¢-GGATT-3¢ or mutant derivatives with a complementary transversion were subjected to gelretardation assays (Figure 4b, left) . Note that the design of the sequences¯anking the 5 bp core was such that we rarely found them among the selected 19 bp oligonucleotides. The ARR1-ARRM domain bound 5¢-GGATT-3¢, and the substitutions within the central 5¢-GAT-3¢ sequence abolished the DNA±protein interaction, consistent with the results of the binding site selection experiments. Substitutions at the ®rst and ®fth positions in the core sequence also affected the gelretardation pattern.
To further investigate the contributions of these two positions to ARRM binding, a series of substitution mutants were similarly analysed (Figure 4b, right) . The ®rst residue appeared to be less important because all substituted sequences were bound by ARRM, though at different degrees dependent on the base (A > G = T > C). Replacement of the ®fth T with A or G seriously diminished ARRM binding, whereas replacement with C slightly enhanced binding. Enhancement by replacement with C might be related to the resulting creation of another 5¢-GAT-3¢ sequence in the complementary strand. Essentially, the same results were obtained with the ARR2-ARRM domain (data not shown). It was thus concluded that the ARRM domains of both ARR1 and ARR2 have the ability to bind double-stranded DNA in a sequence-speci®c manner, and that the optimum target sequence among the tested oligonucleotide species is 5¢-AGATT-3¢ under the experimental conditions used. Transactivation by ARR1 and ARR2 through their own target sequence Identi®cation of the ARRM binding site sequence allowed us to examine whether intact ARR1 and ARR2 molecules actually activate transcription of a gene whose promoter contains this sequence. An arti®cial upstream activating sequence for ARR1 and ARR2 was designed in which the target sequence 5¢-GGATT-3¢ appears six times at different helical phases (6 Q UAS M ). This sequence was connected to a truncated 35S promoter and then placed upstream of the LUC gene. The resulting reporter gene was introduced into tobacco leaves together with an effector plasmid, as described above. The effector plasmids carried ARR1 and ARR2 cDNAs driven by the 35S promoter. Their deletion derivatives, in which the DNA regions corresponding to the signal receiver domains were removed, were also used. Full-length ARR1 and ARR2, respectively, gave luminescent transactivation signals about two and three times higher than background levels observed with no effector DNA. Their truncated versions showed much higher activities of transactivation, about 10 and 17 times above background, respectively ( Figure 5, black bars) . Furthermore, replacement of the target sequence 5¢-GGATT-3¢ by 5¢-GCATT-3¢ in the arti®cial upstream activating sequence (6 Q UAS Md ) cancelled the increased transactivation signals ( Figure 5 , grey bars). Since this mutation nearly completely abolished the quali®cation for the target in vitro, as shown in the preceding section, the data in Figure 5 apparently indicate that transactivation by ARR1 and ARR2 in vivo occurs through the same, or at least a similar, sequence-speci®c manner. Similar experimental results were obtained with onion epidermal cells (data not shown). It was thus concluded that both ARR1 and ARR2 potentially possess the ability to activate transcription in plant cells. The presence of a signal receiver domain appeared to partially inhibit transactivation. The effectors used were ARR1, ARR2 and their deletion derivatives lacking for the signal receiver domain, and the reporter was the same as in Figure 3 . The ordinate indicates the transactivation activity of each effector measured by the dual-luciferase reporter system (100 Q LUC/ RLUC). Each bar with a standard error of mean represents the average of four independent experiments with 6 Q UAS M (black bars) and 6 Q UAS Md (grey bars). The`No effector' sample contained an irrelevant pBI221 DNA to adjust the DNA amount for bombardment.
Discussion
ARR1 and ARR2 were originally identi®ed as Arabidopsis homologues of the bacterial response regulators. Their N-terminal signal receiver domain is followed by a long C-terminal region where the potential nuclear localization signal, the short acidic region, the ARRM domain and the glutamine-rich domain are located. This architecture suggests that they are transcription factors. If this is the case, ARR1 and ARR2 should be able to localize to nuclei, and this was in fact observed: the GUS fusion proteins were predominantly seen in the nuclei of onion and Arabidopsis cells, regardless of the presence or absence of the signal receiver domain (Figure 2 ). Several different growth conditions for onion cells, including growth with or without exogenous addition of cytokinin and in the light or dark, had no effect on nuclear localization of ARR1 and ARR2 (unpublished results). These observations strongly suggest that the native ARR1 and ARR2 molecules are constantly located in nuclei. However, the possibility that the signal transduction processes in which ARR1 and ARR2 are involved proceed continuously under the growth conditions used cannot be completely ruled out.
Although the actual signal sequence by which ARR1 and ARR2 localize to nuclei was not determined, our previously argued VRK(R/K)R sequence, present just downstream of the signal receiver domains (aa 153±157 of ARR1, aa 144± 148 of ARR2), presumably contributes at least in part, as there are precedents for these sequences actually promoting nuclear localization (Howard et al., 1992; Robbins et al., 1991) . Two other probable nuclear localization signals, SRKRK and KKPRV, are also present closely within the acidic and ARRM domains, respectively (aa 213±217 and aa 236±240 of ARR1; aa 193±197 and aa 215±219 of ARR2). These sequences may be functionally redundant in terms of the nuclear targeting of ARR1 and ARR2.
It is well known that glutamine-rich and acidic characteristics are frequently associated with the transactivation domain of eukaryotic transcription factors because they can provide an interface for protein±protein interactions (Triezenberg, 1995) . The glutamine-rich domains of ARR1 and ARR2 were no exception. When fused to the DNAbinding domain of yeast GAL4, they activated expression of the LUC reporter gene preceded by the GAL4 target sequence (Figure 3 ). The levels of activation signal given by the ARR1 and ARR2 glutamine-rich domains were about one-third and one-half, respectively, of that seen with the strong transactivation domain VP16, suggesting that their potential for transactivation is high. In contrast, the acidic domains of ARR1 and ARR2 showed almost no transactivation ability; instead, they effected a slight inhibition of transactivation exerted by the glutamine-rich domains. The ARRM domains also lowered transactivation. This reduction might result from titration of the effector by endogenous DNA capable of interacting with the ARRM domain. It was thus concluded that the glutamine-rich domains act as the principal transactivation domains of ARR1 and ARR2. ARR11, belonging to the same group as ARR1 and ARR2, also has the ability to activate transcription, at least in yeast cells, although its C-terminal region has no obvious similarity to those of ARR1 and ARR2 (Lohrmann et al., 1999) . The transactivation ability may be commonly associated with this group of plant response regulators.
It was previously argued that the ARRM domain weakly resembles the DNA-binding domain of the mammalian oncogene product Myb, and homology searches using the ARRM domain frequently indicate similarities with sequences in plant DNA databases (Sakai et al., 1998) . It is thus reasonable to assume that this domain is utilized as a functional unit for DNA binding in a variety of proteins. The gel-retardation patterns presented in Figure 4 clearly indicate that the ARRM domain has the ability to bind double-stranded DNA in a sequence-speci®c manner. The best target sequence among the oligonucleotide species tested was identi®ed as 5¢-AGATT-3¢ in the context used. The actual DNA recognition by the ARRM domain appeared to occur mainly at the last four positions of the 5 bp core sequence. As the speci®city determined by a 4 bp sequence does not seem high enough for choosing target genes on the Arabidopsis genome, it is possible that an additional protein component(s) interacting with ARR1 and ARR2; phosphorylation of their Asp residues; the context of this 4 bp sequence; or a combination of these factors contributes towards increasing the speci®city of interactions between the cis and trans factors. As we obtained essentially the same gel-retardation patterns with both the crude extracts and the puri®ed GST::ARRM fusion proteins, no other factor is likely to have been involved in the observed speci®c DNA binding.
The DNA-binding domains of conventional plant Myb homologues are composed of two or three repeated structures, each of which contains three landmark Trp residues (Kranz et al., 2000; Martin and Paz-Ares, 1997; Meshi and Iwabuchi, 1995; Williams and Grotewold, 1997) . However, the ARRM domain contains only one repeat, and two out of the three Trp residues are not conserved. The DNA-binding domain of potato MybSt1 transcription factor (Baranowskij et al., 1994) and those of both Arabidopsis LHY and CCA1 proteins, whose mutants are defective in circadian rhythm (Schaffer et al., 1998; Wang et al., 1997) , appear to belong to the same class as the ARRM domain. They have a similar one-repeat architecture, with amino acid sequences considerably diverged from the mammalian Myb, though LHY and CCA1 retain two out of the three Trp residues. Although these single-repeat Myb homologues were previously thought to be exceptional cases, the existence of many additional ARRM-like domains in plant species, found by in silico screening (Sakai et al., 1998) , implies that these Myb homologues constitute a large family of plant DNA-binding proteins that perform a variety of cellular functions. Furthermore, these ARRM-like domains may have similar sequence speci®cities for DNA binding, because DNA bound to MybSt1 and CCA1 contains 5¢-GGATA-3¢ and 5¢-AGATT-3¢ sequences, respectively, which are highly similar or identical to the target sequences of ARR1 and ARR2. It is naturally expected that other ARR members containing the ARRM-like domain, such as ARR11 and ARR10, are also able to bind DNA with similar sequences.
Domain dissection has revealed that ARR1 and ARR2 are comparable in their abilities to localize in nuclei, bind DNA and activate transcription. Therefore both ARR1 and ARR2 are expected to function as transcriptional activators individually, though their intracellular roles may be overlapping. The role of transcriptional activator was con®rmed using the LUC reporter gene whose promoter contained six copies of the ARRM binding sequence. The full-length versions of ARR1 and ARR2 actually showed this ability in transactivation. In addition to the experiments shown in Figure 5 , we repeated similar experiments several times and consistently obtained comparable results (unpublished data). The average levels of transactivation by ARR1 and ARR2 deduced from all these experiments were 2.2 and 2.9 times above background, respectively. Therefore the signal levels exerted by ARR1 and ARR2 appear to be signi®cant, though low. The truncated derivatives without the signal receiver domain gave much higher transactivation signals than those generated by the respective intact version. Therefore the N-terminal signal receiver domain appeared to repress DNA-binding and/or transactivation ability. This repressive role may be modulated by Asp phosphorylation, and the truncated versions might mimic a molecular state of ARR1 and ARR2 that results in transactivation. This is the ®rst report demonstrating that plant twocomponent response regulators work independently as transcriptional activators similar to the majority of bacterial response regulators. By way of analogy with the bacterial two-component regulatory system, ARR1 and ARR2 are likely to receive the phospho-relay signal from an as yet unidenti®ed cognate histidine kinase, either directly or through a bridge component(s), triggered by a speci®c environmental stimulus. On the other hand, the target genes of which ARR1 and ARR2 regulate expression are present downstream of the signal cascade. Thus identi®c-ation of their target genes will shed light on the kind of signal responses in plant cells that ARR1 and ARR2 are involved in.
Experimental procedures
Recombinant DNA techniques
Standard recombinant DNA techniques have been described previously (Sakai et al., 1998; Sambrook et al., 1989) . PCR was carried out according to Saiki et al. (1988) . In-frame cloning, in which two or more DNA segments were connected to code for a fusion protein, was carried out using DNA fragments prepared by PCR with primers of appropriate sequences.
Plant materials and growth conditions
Arabidopsis thaliana (Columbia ecotype) was grown at 22°C under constant light in soil or on agar plates containing Murashige & Skoog (MS) medium (Murashige and Skoog, 1962 ; Sigma M-5524, Sigma-Aldrich, Japan) supplemented with 1% sucrose and 0.8% agar. Nicotiana tabacum L. cv. SR-1 was grown at 22°C in soil under constant light. Transgenic Arabidopsis plants were constructed by vacuum in®ltration (Bechtold et al., 1993) .
Intracellular localization of proteins
DNA fragments coding for entire or partial regions of ARR1 and ARR2 were inserted between the BamHI and SmaI sites of pBI221 (Clontech, Palo Alto, CA, USA) so as to be fused in-frame to the Nterminal end of GUS, downstream of the 35S promoter and upstream of the Agrobacterium nos gene terminator. The resulting recombinant DNA (2.5 mg) was used to coat 1.5 mg of 1 mm gold particles, and was introduced into onion epidermal cells with a particle-delivery system (Bio-Rad PDS-1000/He, Biorad Laboratories, Hercules, CA, USA). The onion epidermal cells had previously been incubated on MS agar plates in the light at 22°C for 24 h. The initial pressure of bombardment was 1100 psi, and the travelling distance of the particles to the plant tissues was 6 cm. Bombarded tissues were placed on the same agar plates and incubated at 22°C for 24 h in the light, followed by immersion in a histochemical substrate solution containing 1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronid (Sigma B-0522); 50 mM phosphate buffer pH 7.0; 0.5 mM potassium ferricyanide; and 0.5 mM potassium ferrocyanide. Histochemical observations of stained tissues were made using a Carl Zeiss Axiophot 2E microscope. For transgenic Arabidopsis plants expressing GUS, leaves were similarly stained and trichome cells were microscopically observed.
Measurement of transcriptional activation
The ability to activate transcription was monitored by the dualluciferase reporter assay system (Promega Corporation, Madison, WI, USA) according to the instructions provided by the supplier. For transcriptional activation through the GAL4 target sequence as the cis factor, the reporter plasmid used was p6GAL4-LUC, a derivative of pGEM-3Z (Promega). It contained the ®re¯y luciferase gene LUC (de Wet et al., 1985) preceded by a promoter containing the GAL4 target sequence (6 Q UAS G ) and the ±46 to +1 region of the cauli¯ower mosaic virus 35S promoter. 6 Q UAS G was a DNA segment containing six copies of the sequence 5¢-CGGGTGACAGCCCTCCG-3¢; the truncated 35S promoter (±46 to +1) was the source of the TATA sequence (Aoyama et al., 1995) . The control reporter plasmid was pRL carrying the sea pansy luciferase gene RLUC directed by the 35S promoter (Lorenz et al., 1991) . Effector plasmids carried a cDNA fragment coding for various portions of ARR1 and ARR2 between the XhoI and BamHI sites on the pGAL4 vector (a pUC19 derivative), directing a protein fused to the yeast GAL4 DNA-binding domain (nucleotide positions 1±353) under the control of the 35S promoter. The ARR1 and ARR2 portions inserted in the effectors were (Figures 1 and 3a) : ARR1D(DDK) (aa 153±669); ARR1D(DDK-M) (aa 153±235, aa 300±669); ARR1D(DDK-M-Q) (aa 153±235); ARR1D(DDK-Ac-M) (aa 300±669); ARR2D(DDK) (aa 144±664); ARR2D(DDK-M) (aa 144±214, aa 279±664); ARR2D(DDK-M-Q) (aa 144±214); and ARR2D(DDK-Ac-M) (aa 279±664). All the proteincoding sequences in these plasmids were followed by the poly(A) addition sequence of the pea ribulose-1,5-bisphosphate carboxylase small subunit rbcS-3A gene (Fluhr et al., 1986) . p6GAL4-LUC, pRL and one of the effector plasmids were simultaneously bombarded into plant cells and incubated as in the previous section. The plant material used was either mature N. tabacum leaves (about 15 cm in length) that had been cut from a plant just before use, or onion epidermal cells that had previously been incubated on MS agar plates in the light at 22°C for 24 h. The travelling distance of gold particles was 9 cm for tobacco and 6 cm for onion. After incubation at 22°C for 24 h, bombarded tissues were ground, and the LUC and RLUC luminescent signals were separately measured by a luminometer (model TD-20e Turner). The LUC luminescent signal indicates transactivation by an effector, whereas the RLUC luminescent signal shows the ef®ciency of the DNA delivery system as an internal control. The normalized transactivation ability was expressed by the ratio of the two signal intensities.
Transactivation through the ARRM target sequence as the cis factor was examined in the same way, except for the following changes. The reporter plasmid used was p6ARRM-LUC in which 6 Q UAS G of p6GAL4-LUC was replaced by either 6 Q UAS M or 6 Q UAS Md . The 6 Q UAS M and 6 Q UAS Md were DNA segments containing six copies of 5¢-TCTAGGATTGTCT-3¢ and 5¢-TCTAGCATTGTCT-3¢, respectively. The effector plasmids contained the truncated 35S promoter (±46 to +1)-directed DNA sequence coding for either full-length ARR1 or ARR2, or their deletion versions lacking for the N-terminal signal receiver domains.
Preparation of E. coli protein extracts
The DNA segments (Figure 1 ) corresponding to ARRM (aa 236± 299 for ARR1, aa 215±278 for ARR2) were separately inserted between the BamHI and EcoRI sites on pGEX-2T (Amersham Pharmacia Biotech). The resulting chimeric genes were expressed in E. coli BL21(DE3) cells upon induction by isopropyl-b-Dthiogalactopyranoside, as previously described (Endoh and Oka, 1993) . Cells were pelleted and resuspended in binding buffer (20 mM HEPES pH 7.4, 100 mM KCl, 2 mM MgCl 2 , 0.5 mM EDTA, 1 mM dithiothreitol, 0.2% NP-40, 10% glycerol, 1 mM phenylmethylsulfonyl¯uoride, 1 mg ml ±1 each of aprotinin, leupeptin hemisulfate monohydrate and pepstatin A) of one-tenth the culture volume. Cells were lysed on ice by mild sonication, then subjected to centrifugation at 10 000 g for 30 min at 4°C. The supernatant was aliquoted, quickly frozen on liquid nitrogen and stored at ±80°C until use. For some experiments we puri®ed fusion proteins by treating the crude extracts with glutathione Sepharose, and samples of more than 90% purity were obtained. Protein concentrations were estimated by staining with Coomassie brilliant blue R-250, after resolving proteins through SDS±polyacrylamide gel electrophoresis (Endoh and Oka, 1993) .
Binding site selection by PCR
Binding site selection experiments were carried out as previously described (Sessa et al., 1993) . Brie¯y, an E. coli crude extract (about 1 mg protein) containing a GST::ARRM fusion protein was mixed with synthetic double-stranded oligonucleotides with random 19 bp sequences¯anked by 18 bp of tag sequences (about 8 ng) in 50 ml binding buffer supplemented with 2 mg poly(dI-dC) (Pharmacia). DNA±protein complexes were trapped on glutathione Sepharose, from which oligonucleotides were isolated and then ampli®ed by PCR. After repeating this cycle four times, oligonucleotides were cloned in pHSG397 (Takara, Kyoto, Japan) and sequenced.
DNA-binding assays
The ability of proteins to bind double-stranded DNA was examined by gel-retardation assays (Sessa et al., 1993) . The fragments used were 5¢-CGACGTGAATTCTAGGATTGTCTCGCA-TACACTG-3¢ and various 1 bp substitution derivatives within the 5 bp core sequence (underlined bases, see text).
32 P-labelled DNA fragments (about 2 ng, 1 Q 10 5 cpm) were incubated for 30 min at 20°C with an E. coli crude extract (about 50 ng proteins) containing a fusion protein or a puri®ed fusion protein sample (about 50 ng) in 20 ml binding buffer supplemented with 2 mg poly(dIdC). After the incubation step the mixture was immediately loaded on 4% polyacrylamide gels (acrylamide:bis-acrylamide, 29 : 1). Electrophoresis was carried out in 0.25 Q TBE (1 Q TBE = 89 mM Tris-borate, 2 mM EDTA pH 8.3). Dried gels were then subjected to autoradiography with a Fujix BAS2000 Bio-Image Analyser (Fuji Photo Film).
